We use globular cluster kinematics data, primarily from the SLUGGS survey, to measure the dark matter fraction ( f DM ) and the average dark matter density ( ρ DM ) within the inner 5 effective radii (R e ) for 32 nearby early-type galaxies (ETGs) with stellar mass log (M * /M ) ranging from 10.1 to 11.8. We compare our results with a simple galaxy model based on scaling relations as well as with cosmological hydrodynamical simulations where the dark matter profile has been modified through various physical processes.
INTRODUCTION
The natural expectation within the hierarchical structure formation paradigm and ΛCDM cosmology (e.g. Peebles 1982 ) is that dark matter haloes and their resident galaxies grow in tandem. Email: aalabi@swin.edu.au The growth channels include mergers (major/minor, with/without gas) and gas accretion (smooth or clumpy) (e.g. Genel et al. 2010; Rodriguez-Gomez et al. 2016) , with galaxy assembly showing more complexities due to the baryonic processes involved (e.g. gas dissipation, star formation, feedback processes due to active galactic nuclei or supernova, etc.). These baryonic processes may also alter the dark matter distribution, especially in the most-central parts, through adiabatic halo contraction (e.g. Blumenthal et al. 1986) or halo expansion through gravitational heating from infalling gas clumps (e.g. Johansson et al. 2009 ) or outflows linked to feedback events (e.g Macciò et al. 2012 ). The implication is that the relative distributions of DM and baryons in present-day galaxies contain clues about when (epoch of formation) and how (nature of the mass assembly) they formed and how they have evolved.
Both halo and galaxy growth have been divided into two phases in the literature (e.g. Zhao et al. 2003; Oser et al. 2010; Klypin et al. 2016) . At early times, when the universe was denser, dark matter haloes grew rapidly via frequent mergers and accretion. In parallel, gas-rich, dissipative events were very common, and the stellar cores of present-day galaxies were formed. Galaxies then grew predominantly by rapidly forming stars in-situ, such that the dark matter fraction ( f DM ) at the centres of young galaxies is relatively low and the galaxies themselves are very compact (e.g. van Dokkum et al. 2008; Naab et al. 2009; Napolitano et al. 2010; Remus et al. 2017) . Dark matter haloes experienced an increase in both core size and extent (core size and halo extent are usually parametrized by the scale radius (r s ) and virial radius (r 200 ), respectively). Thus, the halo concentration (c 200 ≡ r 200 /r s ) is kept fairly constant during this phase (Klypin et al. 2016 ). The halo concentration is directly linked to the density of the universe at the epoch when the halo formed (c 200 ∝ (1 + z form )
−1 e.g. Bullock et al. 2001; Wechsler et al. 2002) and is well described by the c 200 − M 200 scaling relation (e.g. Dutton et al. 2010) , where M 200 is the virial mass.
At later times (z ≤ 2), in the two-phase paradigm, when gasrich events become fewer, mass growth (be it baryonic or dark matter) occurs predominantly in the galaxy outskirts. The progenitors of present-day massive early-type galaxies (ETGs) increase rapidly in mass and size through a multitude of minor mergers and/or dry major mergers, thereby increasing significantly their fraction of stars formed ex-situ (e.g. Naab et al. 2009; Pillepich et al. 2014; Rodriguez-Gomez et al. 2016; Remus et al. 2017) . This is consistent with the low angular momentum content (e.g. Emsellem et al. 2011; Arnold et al. 2014; Raskutti et al. 2014; Moody et al. 2014; Foster et al. 2016) , old central stars (e.g. Terlevich & Forbes 2002; McDermid et al. 2015) and high f DM at large radii (e.g. Deason et al. 2012; Alabi et al. 2016) usually reported in studies of massive ETGs. The dark matter haloes also get bigger in size while the core sizes may grow or shrink depending on whether violent relaxation, adiabatic halo contraction or halo expansion events occur (e.g. Johansson et al. 2009; Governato et al. 2010; Klypin et al. 2016) . Therefore, the observed dark matter density within the scale radius should reflect the epoch of halo assembly as well as imprints of how baryonic processes have altered the distribution of dark matter within the halo during galaxy evolution.
Dark matter fractions at large radii, e.g. 5 effective radii (R e ), are becoming increasingly available, especially in ∼L * ETGs, i.e. ETGs with stellar mass (M * ) ∼10 11 M (e.g. Deason et al. 2012; Alabi et al. 2016 ). This is due to the use of dynamical mass tracers such as planetary nebulae (PNe) or globular clusters (GCs) which probe further out into the galaxy halo where the light from galaxy stars is faint. At a fiducial 5 R e , which is always interior to the halo r s (it is expected on average that, 5 R e ∼ 0.4r s ), dark matter should dominate the mass profiles in ETGs. While most ETGs studied show a high dark matter fraction within 5 R e (on average, f DM ≥ 0.6), in agreement with theoretical predictions and an increasing trend with total galaxy stellar mass, some ETGs with M * ∼10 11 M have been found to have surprisingly low dark matter content within 5 R e (e.g. Romanowsky et al. 2003; Napolitano et al. 2005; Deason et al. 2012; Alabi et al. 2016 ).
Several reasons have been given in the literature for this intriguing tension between observations and simulations including the stellar initial mass function (IMF), the orbital anisotropy of the mass tracers, modification of the dark matter profile during mass assembly (net effect of adiabatic halo contraction and inner dark matter halo expansion), the nature of the DM halo profile i.e. logarithmic or NFW or even a failure of the Λ CDM cosmology (e.g. Dekel et al. 2005; Thomas et al. 2009; Napolitano et al. 2005 Napolitano et al. , 2010 Napolitano et al. , 2011 Morganti et al. 2013 ). In Alabi et al. (2016) , we suggested that these galaxies with low dark matter fractions could have different halo structures, i.e., diffuse DM haloes. However, the exact origin of this anomaly is still unclear. Cosmological hydrodynamical simulations of ETGs where baryons have modified the present-day dark matter profiles have also started to report predictions for f DM at 5 R e (e.g. Wu et al. 2014 ). More recently, simulations with realistic implementation of active galactic nuclei (AGN) and supernova (SN) feedback recipes, (e.g Vogelsberger et al. 2014; Schaye et al. 2015; Remus et al. 2017) , covering the stellar mass range of ETGs in this work, i.e. 10 10 − 10 12 M have been released. The time is therefore ripe to systematically compare results from observations with theoretical predictions, and thereby unravel the nature of mass distributions in ETGs within a cosmological context.
Unfortunately, the halo concentration is difficult to directly constrain in ETGs (e.g. Napolitano et al. 2005 Napolitano et al. , 2009 Samurović 2014) , due in part to the limited radial extent of kinematics data and the degeneracy between the halo virial mass and concentration. However, it is possible to infer the epoch of halo assembly from the average dark density within the scale radius ( ρ DM ∝ (1 + z form ) 3 , where ρ DM and z form are the average dark matter density and the epoch of halo assembly, respectively). Thomas et al. (2009) inferred z form for several ETGs in the Coma cluster using ρ DM obtained from stellar kinematics within the inner 2 R e and found that their haloes must have assembled at z form ≈ 2 − 3.
In this work, we expand our sample of ETGs with homogeneously measured f DM at 5 R e in Alabi et al. (2016) from 23 to 32, using GC kinematics data mostly obtained as part of the SLUGGS 1 survey . SLUGGS stands for SAGES Legacy Unifying Globulars and GalaxieS. This brings the number of ∼L * ETGs with total mass measurements within 5 R e up to 16. We also adopt the recently published galaxy sizes, Sérsic indices and stellar mass measurements from Forbes et al. (2016) for our galaxy sample. With this larger sample, homogeneously measured galaxy parameters and the suite of cosmological simulations that are now available, we investigate the cosmological origins of the measured f DM at large radii in ETGs. We also address the curious cases of ETGs with low dark matter fractions in more detail. We study the structural properties of the dark matter haloes within the inner 5 R e using their average dark matter densities, and infer their halo assembly epochs. Lastly, we use the halo formation epoch, the age of the central stars and the dark matter fraction to probe the nature of mass assembly in ETGs. We pay special attention to the morphology, environment and angular momentum in this exercise.
The paper structure is as follows: In Section 2 we describe the new data we introduce in this work. In Section 3, we obtain the dynamical mass estimates and f DM (for the newly introduced galaxies) and ρ DM (for the combined sample) and compare with cosmological hydrodynamical simulations. We also obtain dark matter halo properties and compare with results from the literature. In Section 4, we discuss the diverse nature of f DM in ETGs and the nature of their mass assembly. We summarise our results in Section 5.
DATA

New SLUGGS survey globular cluster kinematics data
Here we introduce new Keck/DEIMOS globular cluster kinematics data for NGC 2974, NGC 4474, NGC 4459 and NGC 4697. These ETGs have log (M * /M ) ∼ 10−11. NGC 4697 was already studied in Alabi et al. (2016) , hereafter Alabi+16, but the total number of GCs (N GC ) with radial velocities was 20. Here, we use an improved dataset for NGC 4697, with N GC = 90 and radial extent out to 4 R e . The remaining newly introduced lower mass ETGs have relatively sparse datasets but always with N GC > 20. This limit is set due to the 1/ √ N GC nature of the uncertainty on total mass estimate such that below N GC = 20, the uncertainty increases rapidly beyond 0.5 dex. We have therefore adopted N GC = 20 as a sample size limit for our analysis. This is consistent with recent results from Toloba et al. (2016) and was pointed out earlier in Strader et al. (2011) .
Globular cluster kinematics data from the literature
We also include six ETGs (NGC 1316, NGC 1399, NGC 4472, NGC 4594/M104, NGC 4636 and NGC 5128) from the literature, with rich GC kinematics datasets (N GC > 170) obtained from various telescopes/instruments. For NGC 1316, we use the GC kinematics catalogue published in Richtler et al. (2014) , obtained from VLT/FORS2. The data for NGC 1399 and NGC 4636 are from Schuberth et al. (2010) and Schuberth et al. (2012) , respectively, also obtained from VLT/FORS2. The data for NGC 4472 are from Keck/LRIS (Côté et al. 2003) . The data for NGC 4594 are from Keck/DEIMOS but with a different set-up that did not use the CaT features as we have done in the SLUGGS survey (Alves-Brito et al. 2011) . Finally, we also considered NGC 5128 (Centaurus A), using the GC kinematics catalog compiled in Woodley et al. (2010) . The GC kinematics data for NGC 5128 have been obtained over two decades from an array of telescopes and instruments such as CTIO/SIT, Magellan/LDSS-2, VLT/VIMOS and CTIO/HYDRA.
Unlike Keck/DEIMOS data obtained with the SLUGGS setup, where the average uncertainty on the kinematics data is ∼15 km s −1 , these externally sourced data have an average uncertainty of ∼50 km s −1 . Higher uncertainty in the kinematics data tends to wash out subtle but important details in the velocity distributions e.g. kinematics substructures and higher velocity moments (see, for example, Amorisco & Evans 2012), needed to accurately determine galaxy dynamical mass. Also, larger uncertainties on the velocities tend to bias mass estimates, especially in galaxies with low velocity dispersions. This bias typically scales with ∆V i /σ, where ∆V i and σ are the uncertainties on individual velocity measurements and the central velocity dispersion of the galaxies, respectively.
Size and stellar mass measurements
Systematic deviation of galaxies from the size-stellar mass scaling relation could create artificial tension between our dark matter fraction measurements and expectations from cosmological simulations. Here, we revisit and update (where necessary) the size and stellar mass measurements used in Alabi et al. (2016) , as described below.
The galaxy sizes used in Alabi et al. (2016) were taken from Brodie et al. (2014) which they obtained mostly from the ATLAS 3D survey (Cappellari et al. 2011 ) based on calibrated near-IR 2MASS and optical RC3 size measurements (de Vaucouleurs et al. 1991) . Such measurements, however, underestimate galaxy sizes up to a factor of ∼2 − 3 for our most massive galaxies. This naturally leads to an underestimation of the measured f DM within 5 R e . Here, we partially correct for this underestimation by adopting the recently published size measurements from Forbes et al. (2016) obtained using 3.6 µm Spitzer imaging data. This correction only affects the most massive galaxies in our sample, with NGC 4374 being the most severely affected, where we have now revised its R e upwards by a factor of ∼3 to ∼12 kpc.
In Alabi et al. (2016) , we obtained stellar masses for our galaxy sample from their 2MASS absolute K-band magnitude, assuming a stellar-mass-light ratio M/L K = 1. While this assumption is consistent with a Kroupa/Chabrier stellar initial mass function, it does not account for variations in stellar age or metallicity. The implication of this assumption becomes critical in ETGs whose stellar population is dominated by younger stars, since stellar M/L K for ETGs is known to be age-dependent. For example, at a mean stellar age of ∼6 Gyr, assuming solar metallicity and Padova isochrones, Röck et al. (2016) recently reported a stellar M/L K ∼0.6. This corresponds to a ∼0.2 dex decrease in stellar mass and a ∼0.1 increase in f DM which may change our earlier conclusions, especially in galaxies with low f DM . One way of addressing this concern would be to apply an age-weighted correction to our previous M/L K = 1 assumption. Forbes et al. (2016) applied this correction to their stellar mass estimates (they assumed a Kroupa IMF) from the 3.6µm Spitzer data. We note that there is a one-to-one correspondence with the 2MASS K-band stellar mass estimates if they are also corrected for stellar age-variations.
We use the homogeneously measured effective radii and total stellar mass estimates for the 27 galaxies we have in common with Forbes et al. (2016) . For the remaining galaxies, we obtain their stellar mass estimates from 2MASS absolute K-band magnitudes, correcting for sky over-subtraction (Scott et al. 2013 ) and stellar age-variation (Röck et al. 2016) . Their effective radii are obtained from the literature studies which used 3.6µm Spitzer imaging data and a similar effective radius measurement procedure as in Forbes et al. (2016) . Our final sample of 32 galaxies now spans a log (M * /M ) range of 10.1 − 11.8, with the typical uncertainty on M * and R e being ∼0.1 dex and ∼0.15 dex, respectively. Table 1 contains a summary of the salient properties of the galaxies used in this work.
METHOD AND RESULTS
Total mass estimates and dark matter fractions within
5 R e
We use the tracer mass estimator (TME) of Watkins et al. (2010) to obtain the total mass estimates and subsequently the dark matter fractions for our galaxy sample, following the implementation described in Alabi+16. We give a brief summary of the implementation below and encourage interested readers to see Alabi+16 for more details. The TME assumes that the discrete dynamical tracers follow a power-law density distribution when de-projected and a power-law description for the gravitational potential. The pressure-supported Columns: (1) galaxy name: † = bonus galaxies, ‡ = SLUGGS galaxies not studied in Alabi+16; (2) distance; (3) systemic velocity; (4) central stellar velocity dispersion within 1 kpc; (5) ellipticity; (6) galaxy environment: F=field, G=group, C=cluster; (7) galaxy morphology, mostly sourced from Brodie et al. (2014) , otherwise from Makarov et al. (2014) , although NGC 4594 (Sombrero galaxy) is classified as an Sa, we include it in our ETG sample; (8) average luminosity-weighted age of central (1 R e ) stellar population, mostly from McDermid et al. (2015) unless otherwise noted and listed below; (9) number of globular clusters with kinematics data; (10) effective (half-light) radius; (11) stellar mass; (12) Sérsic n index; (10)-(12) are mostly from Forbes et al. (2016) unless otherwise noted and listed below (also see text for more details); (13) the power-law slope of the gravitational potential; (14) the power-law slope of the de-projected globular cluster density profile ; (15) normalising factor to correct for effect of galaxy flattening on dynamical mass estimate and (16) rotation dominance parameter for the globular cluster system [details on the derivation of columns (13) Kormendy et al. (2009) mass within a sphere with projected radius R, M p (< R), is then
where α and γ are the power-law slopes of the gravitational potential and the de-projected GC number density profile, respectively. β is the Binney anisotropy parameter (Binney & Tremaine 1987) , assumed to be constant with radius. For each galaxy, we use eqns. 8 and 10 from Alabi+16 to obtain α and γ, respectively. In Alabi+16, we obtained α from the logarithmic slope of the circular velocity curves of realistic galaxies (from the cosmological simulation reported in Wu et al. 2014 ) at 5 R e . We obtained γ from a compilation of GC densityprofiles from the literature. We found that α and γ are well approximated by:
and
, respectively. The most massive galaxies in our sample have α ∼ 0, i.e. they are nearly isothermal, and the less massive ones are more Keplarian. Also, γ defined this way is such that 2 ≤ γ ≤ 4, with the most massive galaxies well described by shallow GC density profiles.
Since the TME assumes that the GC system is pressuresupported, we first subtract the contribution of rotation, V rot , from the line-of-sight velocity, V los , before evaluating Equation 1. V rot is obtained by fitting an inclined-disc model to the GC kinematics data. Our total mass estimate, M tot , is then evaluated as the sum of the rotationally-supported mass, M rot , and the pressure-supported mass, M p . The contribution from rotation to the total mass is usually small, ∼6 per cent. We evaluate M tot assuming that the orbital anisotropy of the GC system is either strongly radial, mildly tangential or isotropic, i.e, β = ±0.5, 0, respectively. Since our mass estimates are largely insensitive to the choice of β (deviating by ≤ 10 per cent), we adopt M tot obtained when β = 0, i.e. the velocity distribution is isotropic. As a further test, we have also obtained M tot assuming a more extreme velocity anisotropy of β = −1. This is motivated by recent results from dynamical studies and cosmological simulations where such anisotropies were reported (e.g. Pota et al. 2015; Zhang et al. 2015; Röttgers et al. 2014) . Even with such extreme anisotropies, the maximum deviation in total mass is less than 20 per cent, never producing a shift in dark matter fraction greater than 0.1 (see Appendix 1 for more details). Note that we have also applied small corrections to M p to account for galaxy flattening and projection effects (on average, ∼5 per cent) and nonequilibrium conditions (∼20 per cent when kinematics substructures are identified in the GC system).
For the newly introduced galaxies and at the lower M * end, the average fractional uncertainty on M tot is 0.4 dex. At the high M * end of our sample, there is no significant difference between the fractional uncertainties on M tot for galaxies with externally sourced kinematics data, compared to galaxies with Keck/DEIMOS data. We are unable to identify any kinematics substructures that may be in the GC systems of these newly introduced galaxies. This is due to the large uncertainties on the individual radial velocities. Since our kinematics data extend well beyond 5 R e for most galaxies in our sample, we also obtain M tot enclosed within the maximum radial extent, R max , of our data. We obtain the dark matter fraction, f DM , as 1 − M * (< R)/M tot (< R) where we assume that all of the baryonic mass within R in our galaxies is stellar in nature. We describe the total stellar mass within 5 R e with de-projected Sérsic profiles, using the Sérsic indices from Table 1 . Table 2 contains a summary of the total masses and dark matter fractions enclosed within 5 R e and R max .
For the galaxies originally studied in Alabi+16, we compare results in Figure 1 to see how the newly adopted sizes and stellar masses affect both parameters of interest. We remark that while these new galaxy parameters result in changes to the total mass and dark matter fraction estimates within 5 R e on a galaxy by galaxy basis, their overall distributions, which we will present shortly, for our galaxy sample remain unchanged. In particular, at the high M * end, galaxies are now more massive within the 5 R e aperture and a few ∼L * galaxies also have slightly lowered dark matter fractions compared to Alabi+16. Figure 2 shows the f DM versus M * for our galaxy sample, assuming β = 0 and a Kroupa IMF. For most galaxies in our combined sample, the DM content already dominates the mass budget at 5 R e with the DM domination increasing as we probe beyond 5 R e into the outer haloes. There is a wide diversity in the measured f DM within 5 R e , ranging from 0.1 − 0.9, generally increasing with galaxy stellar mass, with some log (M * /M ) ∼ 11 galaxies having very low f DM , i.e. ≤ 0.4, less than what a simple galaxy model predicts. This trend persists for a variety of stellar M/L assumptions, assumed slope of the gravitational potential and orbital anisotropies. The large spread in f DM is driven exclusively by log (M * /M ) ∼ 11 ETGs. The updated list of galaxies with f DM within 5 R e lower than the prediction from our simple galaxy model now consist of NGC 720, NGC 2974, NGC 3607, NGC 4494, NGC 4526 and NGC 5866. A complete inventory of our galaxy sample shows that 2 out of 5 field galaxies, 3 out of 15 group galaxies and 1 out of 12 cluster galaxies have low dark matter fractions. This is the same as 2 out of 16 ellipticals, 4 out of 10 lenticulars and none of the 6 galaxies with ambiguous morphological classification having low dark matter fractions.
The results we have obtained for NGC 2974 may appear to be at odds with that reported in the HI study of Weijmans et al. (2008) where they obtained a dark matter fraction of 0.55 within 5 R e and a M tot (< 5 R e ) = 2.7 × 10 11 M for their maximal disk model, compared to our values (for the isotropic orbit case) of 0.08 ± 0.45 and M tot (< 5 R e ) = 0.8±0.4×10 11 M . The stellar mass and galaxy size used in the two studies are comparable. If we assume α = 0 (i.e. the isothermal case as suggested by their flat rotation curve), we would derive a somewhat higher dark matter fraction of 0.15. The main limitation on our DM fraction measurement for NGC 2974 is likely the limited sample size of 26 GCs; this results in a relatively large error. Despite different datasets and modelling assumptions in both studies, our low DM fraction is consistent within ∼1σ of the Weijmans et al. value . Therefore, these intriguing results of very low dark matter fractions would need confirmation by future studies to rule out that it is not the poor number statistics that is driving these results, although we also find f DM ∼0.8 in NGC 3608 with M * ∼10 11 M and similarly sparse GC kinematics data. To properly understand our observed f DM , we compare our results with expectations from simple galaxy models and the cosmological hydrodynamical simulations reported in Wu et al. (2014, hereafter Wu+14) and in Remus et al. (2017, hereafter Remus+17) . The simple galaxy model, labelled SGM1, (details of which are presented in Alabi+16) does not account directly for processes that are believed to alter the distribution of baryons and non-baryons in present-day ETGs during their evolution. It takes as input the R e − M * , M * − M 200 and M 200 − c 200 scaling relations from the literature, adopts the Planck cosmology and predicts the f DM and the M tot within 5 R e for a given M * . On the other hand, the mass distribution is explicitly modified in the cosmological simulation Table 2 . Summary of mass estimates and dark matter fractions assuming different anisotropy. The results shown here have been obtained using the tracer mass estimator and a stellar M/L that accounts for stellar age-variation. M p is the pressure-supported mass and has been corrected for the effect of galaxy flattening. M rot is the rotationally-supported mass. M tot is the total mass after correcting for galaxy flattening, rotation in the GC system and the presence of kinematics substructures. f DM is the dark matter fraction. We list masses enclosed within spheres of radius 5 R e and R max , the maximum galactocentric radius where we have GC kinematics data. Note that the kinematics data for NGC 4374, NGC 4472, NGC 4636 and NGC 4697 do not extend out to 5 R e .
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3.5 ± 0.6 3.9 ± 0.5 0.7 ± 0.07 6 ± 0.6 5.7 ± 0.6 0.58 ± 0.08 10.0 0.6 ± 0.3 9.9 ± 0.9 9.9 ± 0.9 0.75 ± 0.05 0.5 5.3 ± 0.5 5.3 ± 0.6 0.56 ± 0.09 9.3 ± 0.9 9.4 ± 0.9 0.73 ± 0.05 −0.5 5.8 ± 0.6 5.8 ± 0.6 0.59 ± 0.08 10.2 ± 1.0 10.3 ± 1.0 0.75 ± 0.05 4636 0 1.0 ± 0.1 9.5 ± 0.7 9.6 ± 0.7 0.88 ± 0.02 3.48 − − − − 0.5 9.5 ± 0.7 9.6 ± 0.7 0.88 ± 0.03 − − − − −0.5 9.5 ± 0.7 9.6 ± 0.7 0.88 ± 0.02 − − − − 5128 0 0.1 ± 0.1 1.7 ± 0.2 1.7 ± 0.2 0.53 ± 0.09 21.73 0.6 ± 0.3 7.4 ± 0.5 7.5 ± 0.5 0.88 ± 0.02 0.5 1.7 ± 0.2 1.7 ± 0.2 0.54 ± 0.09 7.6 ± 0.5 7.7 ± 0.5 0.89 ± 0.02 −0.5 1.6 ± 0.2 1.6 ± 0.1 0.52 ± 0.09 7.3 ± 0. The solid black line (SGM1) shows the predicted dark matter fraction within 5 R e assuming Planck cosmology and Kroupa IMF for a simple galaxy model based on scaling relations for early-type galaxies. The dot-dashed black lines are the 1σ scatter in the predicted dark matter fractions from the adopted R e − M * relation. We also show results from the cosmological hydrodynamical simulations reported in Wu et al. (2014) and Remus et al. (2017) for comparison. The dashed green line (SGM2) is the predicted dark matter fraction from a simple galaxy model using a fit to galaxy sizes and stellar masses in Table 1 . The orange-coloured circles and the lower left representative errorbar are for our galaxy sample. Galaxies with log (M * /M ) ∼ 11 have a larger spread in their measured f DM , with a few of them having f DM lower than predicted by any cosmological model. At any stellar mass, central dominant galaxies (marked with crosses) mostly have higher f DM . Residuals between observed and predicted dark matter fractions, assuming a Planck cosmology and using galaxy sizes, stellar masses and Sérsic indices from Table 1 in the simple galaxy model , i.e. SGM2.
of Wu+14 via dissipative and/or non-dissipative processes during galaxy assembly. However, they did not include feedback models from AGN and/or SN winds in their simulations. The immediate effect of this is that their galaxies contain more baryons relative to dark matter when compared to conventional M * − M 200 scaling relations for ETGs. If we allow for a factor of 2 − 3 excess stellar mass at any defined M 200 in our SGM1 model, we adequately predict the f DM reported in Wu+14, as shown in Figure 2 . The predicted f DM from our SGM1 is then reduced by ∼0.1 at all galaxy stellar mass. The cosmological simulation of Remus+17 is an improvement on Wu+14 in that they have included a feedback model which accounts for AGN and SN winds effects. However, at low M * , their galaxies are larger than the expectations from conventional R e − M * scaling relations for ETGs (e.g. Lange et al. 2015) . This probably indicates AGN feedback that is too strong in their lower stellar mass regime. Lastly, we construct a variant of our SGM1 where we use the galaxy sizes, stellar masses and Sérsic indices listed in Table 1 , and compare the predicted dark matter fractions with what we have measured within 5 R e . We show the comparison in Figure 3 as a function of galaxy stellar mass. We also show this simple galaxy model (labelled SGM2) in Figure 2 where we have used a doublepower law fit to the galaxy sizes and stellar masses in Table 1 , and show that it is consistent (within 1σ) with the dark matter fractions predicted by SGM1. This galaxy model captures the shape of our measured dark matter fractions better than SGM1.
Average Dark matter density
We obtain the average enclosed DM density, ρ DM , within a sphere with radius R, as in Thomas et al. (2009) using
where M DM is the enclosed DM mass, evaluated as M tot (< R) − M * (< R). Again we have followed the approach in Alabi+16, where we assume that all the baryonic matter within our 5 R e aperture is in the stellar component. Figure 4 shows the log ρ DM within 5 R e for our galaxy sample. We also show similar data from Thomas et al. (2009 ), Wegner et al. (2012 and Corsini et al. (2017) , but obtained within 2 R e for several ETGs in the Coma cluster, the nearby Abell 262 cluster and low-density environments, respectively. The offset between these literature results and our measurements is due to the difference between the apertures used. The general trend, regardless of the adopted aperture, is for ρ DM to decrease with M * , with an enhanced scatter around log (M * /M )∼11. A wide range of average DM densities is possible at any stellar mass, in agreement with theory, where galaxies are expected to have diverse mass assembly histories at any stellar mass. We do not see any difference between the mean average densities for the lenticulars or ellipticals in our galaxy sample, neither do we see any significant trend with galaxy environment. The increasing trend earlier observed in f DM as a function of mass is now reversed when ρ DM is compared with M * . This is due to the steep increase of R e with M * , such that in the more massive galaxies, our fiducial radius now encloses more dark matter within a much more increased volume, hence the lowered density. The increased offset at the low stellar mass end between our measurements and the predictions from Remus+17 is due to the relatively large galaxies produced in their simulations.
Inferring DM halo properties from dynamical measurements
Next we turn to one of the main questions we wish to address in this work, i.e., given dynamical mass measurements at some fiducial radii (in our case, 5 R e ), which are smaller than the typical scale radii in DM haloes, can we reliably infer the structural properties of these haloes, i.e., M 200 (virial mass), c 200 (halo concentration) and z form (the halo assembly epoch)? DM haloes can generally be described by Navarro-FrenkWhite (NFW) profiles (Navarro et al. 1996) where the average enclosed DM density, ρ DM , can be expressed as
where x ≡ R/r 200 and c ≡ c 200 ≡ r 200 /r s (r 200 is the virial radius and c 200 is the NFW DM halo concentration), with r s being the scale radius of the DM halo, corresponding to the radius where the logarithmic slope of the DM density profile is −2. The virial over-density, ∆ 200 , is 200 times the critical density, ρ crit = 1.37 × 10 2 M kpc −3 . Since the RHS of equation 5 has 2 unknown quantities (c 200 and r 200 ), it cannot be solved uniquely without some extra assumptions. We solve Equation 5 using the mock galaxies in our SGM1 with the following steps:
• For mock galaxies with M * identical to our galaxy sample, obtain galaxy sizes using the R e − M * relation from Lange et al. (2015) .
• Use the R e − n relation from Graham (2013) to obtain Sérsic indices (Sérsic 1968) for each mock galaxy.
• Calculate the total M * enclosed within 5 R e with the deprojected Sérsic mass profile (Terzić & Graham 2005 ).
• Calculate M 200 for each mock galaxy using the M * − M 200 relation for ETGs from Dutton et al. (2010) , which assumes a Planck cosmology. Note that r 200 follows directly from M 200 .
• Calculate the total DM mass, M DM enclosed within 5 R e , from the cumulative NFW DM only profile.
• Calculate the ratio of M 200 to M tot within 5 R e for each mock galaxy.
• Assume that for any M * , given the ratio of M 200 to M tot within 5R e obtained from our mock galaxies, we can extrapolate our measured M tot within 5 R e to obtain the corresponding M 200 . Corsini et al. (2017) for two galaxies in low-density environments, within 2 R e are also shown. The offset from our data is due to differences in the apertures used. Galaxies with sub-5 R e kinematics data are marked with downward-pointing arrows. The solid and dashed lines are the predicted average dark matter densities within 5 R e from our simple galaxy models, i.e., SGM1 and SGM2, respectively. We have also included results from the cosmological simulations of Wu et al. (2014) and Remus et al. (2017) . Average DM density within 5 R e (as well as within any other aperture) decreases mildly with total stellar mass, with a larger scatter around log (M * /M )∼11.
As a sanity test, we have compared the ratio of our measured M tot within 5 R e to the extrapolated M 200 for our galaxy sample with that from Wu+14 (see Appendix for the plot). The scaling ratios we have used are consistent with those inferred from their simulations, bearing in mind that they have over-produced stars by factors of 2−3. Armed with the extrapolated M 200 , which we transform to r 200 using M 200 = 4π∆ 200 ρ crit r 200 3 /3, we then numerically solve the non-linear Equation 5, and obtain c 200 given our measured ρ DM within 5 R e . We have used Monte Carlo methods to propagate uncertainties from our mass measurements and the scaling relations at every stage of this analysis. From our results, c 200 increases steeply as ρ DM increases, such that an order of magnitude increase in ρ DM corresponds to a factor of ∼3 increase in c 200 .
The final step in estimating the epoch of halo assembly is to transform our inferred halo concentrations into halo assembly epochs. Tools that efficiently do this transformation are now readily available. For each estimated c 200 , we use the COMMAH package from Correa et al. (2015) , which is based on NFW DM profiles, to obtain the corresponding halo formation redshift, z form , given the halo concentration, c 200 , while adopting the Planck cosmology. This NFW parametrisation matches well with our earlier preference to describe our DM haloes with NFW profiles, rather than with cored logarithmic DM haloes or other alternate parametrisations and thus enables us to calibrate our dark matter densities directly into halo assembly epochs. In the COMMAH package, z form is the epoch when the virial mass of any progenitor halo is equivalent to the mass within its present day scale radius. Table 3 contains a summary of the inferred halo properties for our galaxy sample. From Table 3 , low ρ DM corresponds to more recently formed haloes and vice-versa. Galaxies with c 200 ≤ 2 (NGC 4494, NGC 2974 and NGC 3607), have invalid z form from the COMMAH package and for these, we fix their halo formation epoch at z form ∼ 0.1. These are all galaxies with low f DM within 5 R e .
Comparison of halo properties with literature studies
Some of the galaxies in our sample have published c 200 and M 200 results in the literature from various studies. These studies are based on data from extended PNe and/or GC kinematics (sometimes supplemented with stellar kinematics data) and X-ray studies, with dif- 12.76 ± 0.26 −1.43 ± 0.20 15.7 ± 2.9 6.1 ± 1. (1) galaxy name; (2) average dark matter density within 5 R e ; (3) halo mass; (4) halo concentration; (5) halo assembly epoch (we have set the halo assembly epoch of galaxies with invalid z form to 0.1; these are all galaxies with very low dark matter fractions); (6) Redshift corresponding to the mean luminosity-weighted stellar age from Table 1 . For galaxies with mean stellar ages comparable to or older than the age of the universe, we have set their corresponding z stars to a lower limit of 10. Johnson et al. (2009) ferent modelling techniques. We compile these results in Table 4 and where a virial over-density other than ∆ 200 has been used in the literature, we rescale the results using the conversion relations from Hu & Kravtsov (2003) . Note that while our the c 200 reported in the literature for our galaxy sample is that on average, their haloes are already in place at z form ∼5, whereas we find a mean z form ∼3. This is due to the extra constraint from the stellar mass-halo mass relation that we have placed on M 200 . A similar approach was used in Auger et al. (2013) where the M 200 −c 200 relation was used as a conditional prior on c 200 . This eased the tension between theoretical expectations and results often reported in the literature (e.g. Napolitano et al. 2011; Samurović 2014 Samurović , 2016 .
DISCUSSION
Present-day galaxies are expected to have experienced different merger (major and/or minor) and gas accretion (smooth and/or clumpy) histories of DM and baryons. It is also expected that signatures of these varied assembly histories should be reflected in their mass distributions and halo structural properties. In this work, we have obtained dark matter fractions and average dark matter densities within the inner 5 R e for our sample of ETGs. We interpret the diversity we observe in these parameters as a reflection of their different mass assembly histories. We also use these homogeneously obtained mass measurements to infer the assembly epochs of their haloes as well as their structural parameters.
Origin of the diverse dark matter fractions within 5 R e in ETGs
From our results above, it appears that galaxies with f DM ∼0.7, in particular, the central dominant types, are well described by the simulation from Remus et al. (2017), while those with f DM ∼0.5 appear to be better described by Wu et al. (2014) . A few galaxies have inferred f DM well below the results from both cosmological simulations. Again, we note that in the simulations of Wu et al. (2014) and Remus et al. (2017) , the dark matter distributions have been modified from the standard NFW-like profiles through baryon-DM interactions. Also, Remus et al. (2017) included feedback from AGN and SN. During the late phase of the mass assembly (i.e., z ≤ 2) in these simulations, growth is dominated by dry mergers (major/minor) and happens predominantly in the outer haloes. Due to this mostly non-dissipative growth in size and mass, our fiducial 5 R e now encloses more dark matter relative to stars compared to their high redshift progenitors. At any given stellar mass, ETGs with higher dark matter fractions have experienced a late phase mass assembly that is increasingly dominated by dry mergers. However, the present-day mass distribution, parametrised by the f DM , also depends on the extent to which the inner dark matter halo has been modified by baryonic processes during the mass build up of the galaxies, as well as the initial conditions set by the density of the universe during the initial halo collapse. We explore this in more details below and note that none of the cosmological simulations (nor any that we are aware of in the literature) produce galaxies with f DM within 5 R e as low as we have measured in some of our ETGs.
While the simple galaxy model (SGM1) clearly captures the mean dark matter fraction at any stellar mass, its use in properly understanding the origin of the diversity in our measured f DM is hampered by the large scatter around the mean f DM . This scatter is from the combined uncertainties from the input scaling relations (i.e., R e − M * , M * − M 200 and M 200 −c 200 ). There is a ∼0.25 dex scatter in the R e − M * , a ∼0.2 dex scatter in the M * − M 200 and a ∼0.11 dex scatter in the M 200 − c 200 scaling relations, with the scatter in the R e − M * being the most critical. Deviations of individual galaxies from the R e − M * scaling relation produce an asymmetrical bias towards lowered f DM (see Figure 3 , where we measure higher f DM than predicted for most of our galaxies), resulting in the wide range of plausible dark matter fractions. However, these deviations do not explain why the galaxies with low dark matter fractions preferentially have log(M * /M )∼11. SGM2, the simple galaxy model we constructed based on a fit to the sizes and stellar masses in Table  1 , could potentially help shed more light on this since it captures better the general trend in our measured f DM . However, to properly address this issue, one would need to study more galaxies with log(M * /M ) ≤ 10.5 to rule out any artificial bias from our sample selection.
The low f DM ETGs, all with log(M * /M )∼11, have very low average DM densities within 5 R e , and from our preceding analysis, they have unrealistic halo assembly epochs, appearing to be incompatible with the Planck cosmology. However, they are normal ETGs in that they have R e and M * that are compatible with the R e − M * galaxy scaling relation. It is remarkable that log(M * /M )∼11 corresponds to the sharp upturn in the R e − M * scaling relation and the knee in the M * − M 200 scaling relation. At this stellar mass (also at all redshifts), galaxies are most efficient at converting baryons into stars e.g. Rodriguez-Gomez et al. (2016) , such that a low dark matter fraction should then be a natural expectation. Above log(M * /M )∼11, galaxy haloes are too massive for gas to cool and form stars while below this mass they are not massive enough to hold on to their gas. This makes log(M * /M )∼11 ETGs interesting as one should be able to observe the effects of extended star formation history on galaxy evolution through their mass distributions.
From our SGM1, we find that haloes of log(M * /M )∼11 ETGs have significantly lower r s /R e (ratio of dark matter halo scale radius to galaxy size) compared to ETGs at other stellar masses (see Appendix 2). A simple experiment with a mock log(M * /M )∼11 galaxy, where we increase r s by a factor of 3 to reflect a more diffuse dark matter halo, sufficiently reduces the f DM by a factor of 2, i.e. from ∼0.6 to ∼0.3. This implies that any mechanism that can produce normal galaxies in diffuse dark matter haloes should be able to explain the low dark matter fractions we have observed in these galaxies. The physical processes to achieve this include halo expansion through dynamical friction from infalling stellar clumps ) or feedback-induced dark matter outflows (Governato et al. 2010) . The modified dark matter profile would then be non-NFW and as such our analysis here which assumes a NFW-like profile would be inadequate.
The low dark matter fractions could also be due to the preferential tidal stripping of dark matter haloes relative to their stars (e.g. Smith et al. 2016 ) from gravitational interactions with their neighbours. If this were to be the case, then one would expect to find signatures of depletion in the GC population, especially in the galaxy outskirts, since they are more radially extended than the starlight. However, we find evidence to the contrary from their GC subpopulations (e.g. Forbes et al. 2016) , where for example, the low dark matter fraction galaxy NGC 4494 still retains a high fraction of blue globular clusters relative to its entire globular cluster system in the galaxy outskirts (the blue globular clusters usually dominate the globular cluster system in galaxy outer haloes).
Alternatively, their low dark matter fractions could mean that their dark matter haloes are poorly described by NFW DM profiles. This suggests the need for an alternate halo description, e.g. using logarithmic dark matter haloes (Thomas et al. 2009; Morganti et al. 2013, Alabi+16) . Interestingly, logarithmic DM haloes are characterised by shallow central dark matter densities with a maximal stellar contribution (e.g. Gentile et al. 2004; Napolitano et al. 2011 ), reinforcing our earlier inference. The presence of self-interacting dark matter in haloes can also lower the central dark matter densities (e.g. Rocha et al. 2013; Di Cintio et al. 2017) by making the core radius larger, but it would be challenging to separate its effects from those purely driven by feedback outflows, especially in log(M * /M )∼11 galaxies.
Dark matter fractions and correlation with galaxy properties
We revisit the issue of correlation between the dark matter fractions within 5 R e for our enlarged sample and some of their galaxy properties. We briefly summarise the interesting trends below and show the trends in Figure 5 . The Spearman rank correlations between the dark matter fractions and galaxy properties are all statistically insignificant and generally weak, mainly due to the large scatter due to the ∼10 11 M galaxies. First, trends as a function of environment are generally weak. The only stand-out trend we find as a function of galaxy environment is that central dominant ETGs mostly have high dark matter fractions with low dark matter fraction ETGs preferentially residing in less-dense environments. Second, we find that S0s are observed to have lower median dark matter fractions compared to ellipticals, and probably show a hint of an opposite trend in their dark matter fractions with stellar mass compared to ellipticals. This is similar to results reported for spirals in the literature (Persic et al. 1993; Dutton et al. 2011; Courteau & Dutton 2015) , where the most massive spirals have the lowest central dark matter fractions. This trend was also tentatively identified in the S0s studied in Tortora et al. (2009) , although, due to their spherical modelling technique, they claimed that the trend may not be real. Interestingly, this trend is lost when our sample is classified according to their central kinematics i.e. fast or slow rotators (using results from the ATLAS 3D Cappellari et al. 2013) .
If this dichotomy in the large scale mass distribution between S0s and ellipticals is real, it implies that S0s are akin to spirals, more than ellipticals. Disk-dominated galaxies would then have a global mass distribution where the dark matter fraction decreases with stellar mass, at least within 1 R e (e.g. Courteau & Dutton 2015) , and out to large radii. This agrees with results from Cappellari et al. (2015) where they found that central fast-rotators and disky lenticular galaxies have similar mass distributions out to 4 R e . A larger and more complete sample of ETGs probed to large radii would be needed to confirm if indeed this dichotomy is real or not, as well as predictions of the large scale mass distributions from cosmological simulations that produce S0s and ellipticals.
When did the haloes of ETGs form?
We summarise the inferred halo assembly epochs for our galaxy sample in Figure 6 , showing how they vary with galaxy total stellar mass and size. Lower-mass galaxies are associated with haloes that assembled earlier; z form ∼4, while the more-massive galaxies have haloes that assembled later, at z form ∼2. Likewise, more compact galaxies are associated with haloes that assembled earlier, and vice-versa. These results are consistent with hierarchical growth of structures such that smaller objects virialise early in gas-rich events, with today's massive galaxies undergoing a more extended halo build-up. The Spearman rank correlation between z form and stellar mass is ∼ − 0.5 and only marginally significant, however, if we remove the galaxies with very low dark matter fractions, i.e. NGC 2974, NGC 3607 and NGC 4494, the correlation becomes statistically significant i.e. p-val < 0.005. The correlation between z form and size, on the other hand, is stronger (∼ − 0.7) and statistically significant (p-val < 0.005) regardless of whether we exclude the three galaxies with low dark matter fractions or not.
In Figure 7 , we compare z form with that of the central stellar populations (obtained from the luminosity-weighted ages within their central 1 R e , McDermid et al. 2015) for our galaxies. We adopt the cosmological parameters of a flat universe from the Planck Collaboration et al. (2014) , Ω M = 0.307 and use the astropy.cosmology package to convert the ages to formation epochs. This exercise enables us to infer the nature of the late mass assembly in our sample of ETGs, i.e. dissipational or non-dissipational, assuming that late gas-rich merger events are always accompanied by central star formation. For some of our galaxies, the stellar age from the literature is comparable to, or more than, the age of the universe (∼13.8 Gyr). In such cases, we adopt a fixed upper limit of ≥13.3 Gyr (z stars ≥ 10).
Due to the strong correlation of z form with stellar mass, we make our comparisons after binning our galaxies by their stellar masses. Bearing in mind our modest sample size, we consider two stellar mass bins, i.e. log(M * /M ) ≤ 11 and log(M * /M ) > 11 and make the comparison with respect to galaxy morphology, environment and central kinematics. From Figure 7 , massive ellipticals have haloes that assembled late, i.e. z form < 2, compared to massive lenticulars, whose haloes assembled earlier (z form ∼4). The halo assembly epoch of low mass ellipticals is not significantly different from that of lenticulars, in that their haloes also assembled early (z form ∼3). The late halo assembly in the field for the most massive galaxies is mainly driven by the galaxies with very low dark matter fractions. This is in line with results from semi-analytic models (e.g. De Lucia & Blaizot 2007) of galaxy formation where galaxies in low-density environments are expected to be associated with haloes which assembled later than those in cluster environments (see also Corsini et al. 2017 , where they arrived at a similar conclusion based on their low-density environment dynamical study). However, we only find this agreement in our most massive field galaxies, i.e. log(M * /M ) > 11. If on the other hand, we disregard the stellar mass binning, halo assembly epoch then has no correlation with galaxy environment (see Appendix 3 for a version of Figure 7 but without stellar mass binning). Haloes associated with more massive slow or fast rotating galaxies also have late assembly epochs compared to their low mass counterparts. There is however a strong trend in the central stellar age as a function of galaxy morphology, environment and central kinematics in both stellar mass bins, where the central stars are usually in place at earlier times relative to the halo in bulge-dominated systems. The only exception to this is in low mass, slow rotators which form their central stars relatively late, i.e. z form ∼2. Our results therefore suggests a dichotomy between the late mass evolution of the bulge-dominated ellipticals and the discy-lenticulars.
This dichotomy, together with our earlier results, where at any stellar mass, more massive and centrally dominant ETGs have higher dark matter fractions and lower average dark matter densities within 5 R e , form a consistent picture when considered in the context of the two-phase galaxy formation paradigm for massive ETGs (e.g. Naab et al. 2009; Oser et al. 2010; Forbes et al. 2016) . Dry mergers, after the early dissipational phase, increase the inner dark matter fractions in massive ETGs since they do not bring a significant amount baryons to the galaxy centres but rather lead to a net outward transfer of angular momentum via dynamical friction. They also reduce the inner average dark matter densities since they make the galaxies larger. These findings therefore rule out wetmajor merger or gas-rich accretion events as the predominant channel for the late mass build-up of massive ETGs. . Centrally dominant galaxies have been marked with black crosses and they mostly have high dark matter fractions. As a function of morphology, dark matter fraction appears to increase with galaxy stellar mass in ellipticals while lenticulars show a noisy, somewhat decreasing trend with mass and a lower median f DM compared to elliptical galaxies. The decreasing trend with stellar mass in lenticulars from the middle panel is not seen in the fast rotators in the right panel.
CONCLUSIONS
We have measured the dark matter fraction and average dark matter density within 5 R e in a sample of 32 early-type galaxies (ETGs) using their globular cluster kinematics. We compared our dark matter fractions with predictions from cosmological simulations. We also used our measured dynamical parameters to infer the epochs of assembly of our ETG haloes, assuming dark matter haloes are well described by Navarro-Frenk-White profiles. We briefly summarise our results here:
• Early-type galaxies have a wide range of dark matter fractions within 5 R e , ranging from 0.1 to 0.9, typically increasing with galaxy stellar mass, and largely independent of the galaxy's environment. We find that a high dark matter fraction is consistent with a late (z ≤ 2) mass assembly that is dominated by dissipationless mergers.
• We find that ETGs with low dark matter fractions within 5 R e are typically those with log (M * /M )∼11 and diffuse dark matter haloes. We associate their low dark matter fractions with a mass assembly likely dominated by halo expansion.
• By comparing our results with predictions from a suite of cosmological simulations, we are able to show that modifications of the mass distribution due to physical processes during mass assembly are important in understanding the distribution of dark matter fraction in present-day ETGs.
• Early-type galaxies, reside in haloes that assembled, on average, z form ∼2 − 3. The ∼L * ETGs have haloes that assembled earlier (z∼4) than their more massive counterparts which assembled later (z∼2). We find that massive galaxies, i.e. log (M * /M )>11, in the field environment have haloes that form late, in agreement with predictions from semi-analytic galaxy formation models.
• S0s and ellipticals reside in dark matter haloes with similar structural properties and assembly epochs. However, we find hints that there may be a dichotomy in their mass distributions at large radii, with S0s showing signs of a decreasing dark matter fraction with increasing galaxy stellar mass, unlike ellipticals. We attribute this to a fundamental difference in their dominant late-phase mass assembly channel. . The three galaxies with unrealistic halo assembly epochs are shown at z form ∼ 0.1. Lower mass and/or smaller galaxies reside in haloes which assembled earlier than their more massive and larger counterparts, in agreement with the hierarchical structure growth. However, at any stellar mass or galaxy size, there exists a large spread in the inferred halo formation epoch. Also note the correlation between the average dark matter density from Figure 4 and the halo assembly epoch, such that galaxies with high dark matter densities assemble their haloes early.
S0 E
FR SR While there are large spreads about the mean, massive ellipticals have haloes which assemble relatively late compared to lenticulars or low mass ellipticals. We also find that massive ellipticals in the field have haloes which assemble very late in agreement with predictions from the semi-analytic galaxy formation models of De Lucia & Blaizot (2007) .
1 Extreme velocity anisotropy, total mass estimates and dark matter fractions
We investigate if the results we have obtained assuming mild velocity anisotropies are robust against extreme anisotropies, by adopting a more extreme velocity anisotropy, i.e. β = −1.0. This is motivated by results from some dynamical studies (e.g. Pota et al. 2015; Zhang et al. 2015) and cosmological simulations (e.g. Röttgers et al. 2014) where such anisotropies were obtained. There are also indications from cosmological simulations (Bryan et al. 2013; Röttgers et al. 2014; Wu et al. 2014 ) that the stellar velocity anisotropy out to 5 R e correlates with the fraction of stars that formed in-situ. The nature of the reported correlation is such that in galaxies with low in-situ stellar fractions i.e. galaxies where the late mass assembly is dominated by dry mergers, mostly the slow rotators, the anisotropy is mildly radial (β > 0.2 − 0.4). Galaxies with high in-situ stellar fractions, on the other hand, show strongly tangential up to isotropic anisotropies, i.e. −1.0 ≤ β < 0.2. This anisotropy range is similar to what we now explore, however, GCs may not have the same velocity anisotropy as stars. From the few massive galaxies with published GC anisotropy profiles, it is difficult to pick out a clear pattern (e.g Pota et al. 2013; Zhu et al. 2016 ); see also Pota et al. 2015; Zhang et al. 2015 , where GCs are reported to be have strongly tangential anisotropies at large radii. Moreso, in the lower M * galaxies, GC kinematics data are mostly too sparse to extract any anisotropy information, although from the PNe data associated with these galaxies, the trend is one where the PNe are isotropic near the galaxy centre and radially biased around 5 R e . Again, PNe and GCs may not have similar anisotropies. The top panel in Figure 1 shows the fractional changes in M tot as a function of M * while the bottom panel shows the corresponding changes in f DM versus M * , for different anisotropy assumptions. Note that assuming a more strongly tangential anisotropy results in an increase in M tot and f DM only in the most mass massive galaxies and the opposite effects in the lower M * galaxies in our sample. If we assume a correlation between β and M * that maximises M tot within 5 R e , the fractional change in M tot is < 0.2 dex, and this results in a < 0.1 change in f DM . Around log (M * /M ) ∼ 11, where we measure our the lowest f DM , we now observe the least change in M tot . While it is interesting to understand the nature and systematics of GC velocity anisotropy, our analysis suggest that its effect on the total mass estimates and dark matter fractions within large radii is minimal.
2 Variation of r s /R e with stellar mass This plot is in reference to how stellar mass varies with the ratio of the scale radius of the dark matter halo and galaxy size from our simple galaxy model (SGM1). The minimum in r s /R e observed at log (M * /M ) ∼ 11 implies that at this stellar mass, galaxies with may already be structurally different.
3 Halo assembly epoch as a function of galaxy properties, without binning by stellar mass
Here, we show a version of Figure 7 , without binning our galaxies by stellar mass. We have also included galaxies with ambiguous morphological classification. Note that the late halo assembly epoch for galaxies in the field is not obvious without the correction we have applied to account for the strong dependence of z form on galaxy stellar mass. Figure 7 , highlights the need to account for the strong dependence of halo assembly epoch with galaxy stellar mass. The trend we earlier observed in the field, where haloes of massive galaxies assemble at later epochs is not obvious. This paper has been typeset from a T E X/L A T E X file prepared by the author.
